ABSTRACT UBV I and Hα photometry is presented for 17319 stars in vicinity of the young double cluster h & χ Persei. Our photometry extends over a 37 ′ × 1
Introduction
The double cluster h & χ Persei is one of the richest young galactic open clusters. The two clusters, h (NGC 869) and χ (NGC 884) Persei form the nuclei of the broader clusters, do not provide a sample with uniform completeness, especially for V≥10. Our study uses the V −Hα colour index as a measure of the Hα emission strength to distinguish the Be star population in a uniform manner throughout the observed field. The fraction of Be stars to total B stars within these clusters is a useful comparison with the Be star fractions observed within Magellanic Cloud clusters of similar ages (Keller et al. 2000) . A recurring feature of the Be star population within young clusters is the peak in Be fraction towards the terminus of the main sequence. In Section 5 we discuss this feature and its implications for evolutionary modification of the Be phenomenon.
Observations and Data Reduction
UBV I and Hα photometry was performed on five nights between 17th and 25th of August 1999 at the San Diego State University Mount Laguna Observatory with the 1m telescope and a Loral 2048 × 2048 CCD. The scale was 0.
′′ 399 pixel −1 , yielding a field of view of 13.
′ 6 2 . Fifteen frame centers were taken to image the total field. The mosaiced 37
• field of our observations is shown in Figure 1 .
The central wavelength and bandwidth of the Hα filter were 6560 and 55Å respectively. Two sets of exposure times were used -long: 360 s in Hα, 300 s U and 60 s in BV and Iand short: 40 s in U and I, 20 s in B, 10 s in V . The mean seeing for the observations was 1.
′′ 8. The observations were made in photometric conditions.
Preprocessing, such as overscan correction, bias subtraction and flat-fielding, was done using the IRAF CCDRED package. Instrumental magnitudes were obtained using DAOPHOT II via point-spread function fitting. The primary extinction coefficients and zeropoints were determined every night from observations of Landolt standard regions (Mark A, PG 1657+078, PG 2213 -006, PG 1633+099: Landolt 1992 . For the secondary extinction and transformation coefficients we used the mean of five independent determinations (errors represent the weighted mean errors). All the instrumental magnitudes were transformed to the standard UBV I system using the following transformations:
where, following standard notation, k 1 , X and ζ represent the primary extinction coefficient, air mass and zeropoint respectively and the lowercase symbols denote the instrumental magnitudes. Table 1 lists the extinction coefficients and zeropoints. In the case of the Hα photometry only the effects of atmospheric extinction were accounted for. Table 2 presents our photometry.
The UBV magnitudes and colours from this study are compared with the previous photometry of Wildey (1964) , Moffat & Vogt (1974) , Johnson & Morgan (1955) , Krzesinski et al. (1999) : NGC 864 nucleus) and Krzesinski et al. (1997) : NGC 884 nucleus) in Table 3 . The number of stars used in the comparison is given in the fourth column by n tot . Known variables were excluded in the statistics. The photographic photometry shows the largest scatter. The photometry of Wildey suffers greatly from the effects of crowding, this results in the large dispersion and generally brighter V magnitudes described in Table 3 .
Photometric Diagrams
In Figure 2 we present the U−B, B−V colour-colour (C-C) diagram from our photometry. In Fig. 2 a. we show the entire field. In panels b and c we show the C-C diagrams for h and χ Per. contained within the 10 ′ radius. The choice of this radius for both clusters is made from a examination of the radial object density around each cluster. At a radius of ∼10 ′ the surface density diminishes to that of the background field.
The reddened zero-age main sequence (ZAMS) is also shown in Fig. 2 using the adopted distance moduli and mean reddenings detailed in Sect. 4. The adopted ZAMS relation is from Balona and Shobbrook (1984) . The dispersion seen about the mean MS locus (solid line) in Fig. 2 a. shows that there is significant differential reddening across the field.
Figures 3-5 show the B−V , U−B and V −I colour-magnitude (C-M) diagrams for the entire field, h and χ Per. respectively. Our photometry is saturated in B, V and I at 9.5. For stars brighter that V ∼ 9.5 we have relied on previous photometry (Johnson & Morgan 1955; Hiltner 1956; Wildey 1964; Tapia et al. 1984) . Points for which we have utilized one or more magnitudes from the literature are represented by triangular symbols in Figs. 2-5. Evolutionary departure from the ZAMS is seen in Figs. 4 and 3.
Reddening and Distance Moduli
We adopt the nominal values for colour-excess ratio E(U − B)/E(B − V ) = 0.72 and the ratio of total to selective extinction, R (≡ A V /E(B − V )), of 3.2 (see e.g. Schmidt-Kaler 1982) . Using those early MS, non-emission line stars (U−B < 0.15 and B − V < 0.8 in Figure 2 ) we derived E(B − V ) using the Q technique ( Q= (U − B) − 0.72(B − V ); see e.g. Bessell 1991 ): E(B − V ) = (B − V ) obs − Q/3.2, where (B−V ) obs is the observed colour.
In order to describe the spatially variable reddening our sample was divided into a grid of regions such that each region contained at least 10 stars for which we have determined E(B − V ). The resulting spatial distribution of E(B − V ) is shown in Figure 6 . The region possesses a clear negative reddening gradient from SW to NE which is consistent with increasing galactic latitude. The nuclei of both clusters have average reddenings of E(B − V ) = 0.54 ± 0.02 from 96 and 85 stars within h & χ Per. respectively. This is in agreement with the determination of Balona & Shobbrook (1984) from the UBV photometry of Crawford et al. (1970) Once de-reddened, the ZAMS of Balona and Shobbrook (1984) was used to determine the distance modulus of each star. The bulk of the MS A & F stars (V 0 ∼ 12.5-15) are well matched by the ZAMS. Significant evolutionary departures occur for the early B stars, these were excluded from our calculation. The distribution of distance moduli within the two clusters shows a broad peak centered at V 0 − M V = 11.75 ± 0.05. There is no significant difference in distance modulus of the two clusters. This result uses the bulk of the essentially unevolved MS. It is significantly more distant than the distance moduli derived by Balona & Shobbrook (1984) 
The Be Star Population
For the purposes of selecting the population of emission-line objects we construct a V ,V −Hα C-M diagram (Fig. 7) . We construct such a diagram in preference to the V −I, V −Hα C-C diagram of previous studies (see Grebel et al. 1992 and Grebel 1997) . We find a total of 33 emission-line objects within the surveyed field as described in Table 4 . The total from previous studies within this area is 25. Two known Be stars, Oo 566 and Oo 2262 were not found to exhibit significant emission on the epoch of our observations. We do not detect any faint emission-line objects which can be clearly associated with a pre-MS population.
Hertzsprung-Russell Diagram

Transformation to the H-R Diagram
In order to form the H-R diagram for the cluster populations we have made use of the model atmosphere broad-band colours, bolometric corrections and temperatures of Bessell, Castelli & Plez (1998) . For stars of high effective temperature the UBV colours fail to provide good temperature indicators (Massey et al. 1995 ) and consequently we have used spectral types for temperature determination where possible for stars earlier than B2. These spectral types are drawn from Johnson & Morgan (1955) , Schild (1965; 1967) and Slettebak (1968) . In doing so we have used the spectral type -effective temperature conversion of Böhm-Vitense (1981) . For later-type stars (U−B)-T ef f and (B−V )-T ef f relations were used with weights reflective of the temperature dependence to the colour of the star in question. Using the above relations the H-R diagram for h & χ Persei is constructed as shown in Figure 8 .
Cluster Ages
In Figure 8 we have removed those stars which are highly likely to be non-members according to the proper motion study of Mumimov (1983) : with probability of membership less than 20%). Be stars were also excluded due to their anomalous colours produced by the presence of circumstellar material. This clarification is particularly useful in the vicinity of the MS turnoff. In Figure 8 we overlay stellar models by Bressan et al. (1993) and isochrones derived from them (Bertelli et al. 1994) . The ages of the most massive stars lie between the isochrones of log age(yr)=6.8 and 7.2. Together with the evolved members the populations suggest a common age of log age(yr)=7.1±0.1 for the bulk of the population in both clusters, in line with the studies of Waelkens et al. (1990) and Denoyelle et al. (1990) . This is in disagreement with the findings of Marco & Bernabeu (2001) who, from an examination of the average MS locus of both clusters, find that h Persei with a log age of 7.3 is older than χ Persei (with a log age of 7.0). Marco & Bernabeu go further to propose three epochs of star formation within h & χ Persei at log ages 7.0, 7.15 and 7.3. We propose that the analysis of Marco & Bernabeu (2001) is largely an over-interpretation of the available data. Our expanded dataset does not show any evidence for an age difference between the two clusters or multiple epochs of star formation.
It would be useful to consider the mass functions of the two clusters together with the age structure of the surrounding field. At present this is not possible. The existing proper motion study of Mumimov (1983) is limited in magnitude (V ≤ 12) and spatial extent (only the cluster cores are covered). There is no photometric method for distinguishing the cluster members from members of the surrounding association due to the close affinity in age of the cluster and field populations. Such analysis awaits more detailed proper motion studies.
The Be Star Fraction -Evidence for an Evolutionary Enhancement in Be
Phenomenon?
In Figure 9 we present the Be fraction amongst MS B stars (to M V =+0.25 ≡ B9V Schmidt-Kaler 1982) within the field of the association. The resulting distribution peaks at a fraction of 36% over the 0.5 mag. interval centered on V 0 =7.5 which is in the vicinity of the MS turnoff for the association.
The peak in Be fraction seen at the MS terminus is also seen in several young clusters of the Magellanic Clouds (Keller et al. 2000 and Johnson et al. 2001 ). Yet studies of the Be fraction within the Galactic and LMC field (see Zorec & Briot 1997 and Keller et al. 1999b respectively) show a more or less uniform proportion of around 15% over the spectral range B0-B5. To account for the observed difference in Be fraction between the cluster and field environment we propose a scenario of evolutionary enhancement in the Be phenomenon. Our scenario utilises the one clear difference between the cluster and field populations, namely the age spread within each population.
We consider a phase of enhancement of the Be phenomenon which occurs over an interval of the MS lifetime towards the end of the MS. The small age spread within the cluster population at the luminosity of the cluster MS terminus places the majority of the stars within the interval of Be enhancement. A peak in the Be fraction results at luminosities near the MS terminus and diminishes at lower luminosities as fewer stars reside within the age range of enhancement. At lower luminosities a population of Be stars remains. These stars are those with sufficient initial angular momentum to commence the Be phase. Within the field population, which possesses a more uniform spread of ages for stars on the MS at a given mass, we see essentially the time-average of the proportion of Be stars. This is lower than that seen in the cluster and more-or-less uniform with luminosity.
The tendency for there to be a higher Be star fraction near the main-sequence turnoff is consistent with the rapid rotation hypothesis for Be star formation. The evolution of rotating stars has been examined by Endal & Sofia (1979) and recently by Heger et al. (2000) and Meynet & Maeder (2000) . These models explicitly follow the radial exchange of angular momentum with evolution. The quantitative details of the evolution of the equatorial surface velocity (v) depend critically on mass loss. Taking the example from Meynet & Maeder (2000) , a 20M ⊙ star with an initial v of 300 kms −1 drops to ∼120 kms −1 by the MS turnoff.
On the other hand a 12M ⊙ star drops from 300 kms −1 to ∼200 kms −1 due to a substantially smaller mass lose rate. The evolution of Ω Ω crit , the surface angular velocity as a fraction of the critical angular velocity (i.e. the velocity at which the equatorial escape velocity drops to zero), is dependent on the treatment of redistribution of angular momentum within the stellar interior and of the effects of rotationally induced mixing. Heger et al. and Meynet & Maeder implement Meynet & Maeder examine the case of a 20M ⊙ star with a range of initial velocities. They find that the decrease in the surface v is larger for larger initial velocities. This is due to the high stellar mass loss rates for rapid rotators. At lower masses we expect this behavior to be modified by lower mass loss rates. The models of Endal and Sofia examine the rotational velocity evolution of a 5M ⊙ star. They find that stars commencing their main-sequence lives with relatively slow angular velocity remain slow rotators throughout the whole of the main-sequence evolutionary phase (although there is a marked increase in angular velocity of all stars during the core contraction phase associated with exhaustion of hydrogen in the core, this evolutionary phase is far too short to account for the observed proportion of Be stars as was proposed by Schmidt-Kaler (1965) and recently by Bessell & Wood (1993) . Thus slow rotators will never evolve into Be stars.
In contrast to the slow rotators, the models of Endal and Sofia show that stars commencing their lives with an angular velocity greater than 56-76% of the critical breakup velocity Ω crit spin up to the critical velocity over a moderate fraction of the main-sequence lifetime. In a cluster where some fraction of the stars is formed with angular velocity greater than ∼50% of Ω crit , those stars nearer the main-sequence turnoff are more likely to be Be stars since they will have been more spun up by evolution than the less luminous stars that have not evolved as far through the main-sequence phase. This process could provide the mechanism of Be enhancement required to explain the concentration of Be stars to the main-sequence tip.
Numerous studies have indicated the importance of rotation within massive stars (e.g. Langer & Heger 2000 and Meynet & Maeder 2000) . Rotationally induced mixing has been shown to be able to produce significant evolutionary and surface abundance changes. Observational evidence for the importance of rotation is growing, within h & χ Persei in particular, the study of Vrancken et al. (2000) provides a detailed chemical analysis of eight B1 -B2 stars within the vicinity of the MS turnoff. They find, from the deduced HR diagram, a degree of extension to the end of the MS which is in agreement with evolutionary models which incorporate rotation.
Summary
We have obtained UBV I and Hα photometry over a 37 ′ × 1 • field around the double cluster h & χ Persei. We have formed a spatial description of the reddening throughout the field. We have found that the clusters share a common distance modulus of 11.75±0.05 and possess ages of log age(yr)=7.1±0.1. Our study comprises a uniform survey for Be stars within the region. Using the V −Hα colour as a measure of the strength of Hα emission we have identified 33 Be stars, 8 of which were previously unknown. The fraction of Be stars to total B stars shows a maximum at the end of the MS. Similar behaviour is seen in the Be population of young clusters in the Magellanic Clouds. This feature suggests a evolutionary enhancement in the Be phenomenon towards the end of the MS lifetime which we suggest is a consequence of rotational spin-up over the MS lifetime.
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